Anastomotic leaks (AL) and gastric conduit necrosis (CN) are serious complications following oesophagectomy. Some studies have suggested that vascular calcification may be associated with an increased AL rate, but this has not been validated in a United Kingdom population.
INTRODUCTION
Oesophagectomy is associated with relatively high incidence of complications [1] . One of the most important complications is anastomotic leak (AL), which has been shown to be associated with post-operative morbidity, subsequent anastomotic stricture and reoperation, and is associated with increased post-operative mortality, extended length of hospital stay and hospital costs [2, 3] . Ischaemia of the gastric tube is a key cause of AL [4, 5] . Additionally, ischaemia can progress to gastric conduit necrosis (CN), which may result in severe sepsis and death if appropriate interventions are not performed [1] . More minor forms may result in poor perfusion to the gastric tube, particularly the most cranial part, which is used to create the anastomosis [6] . It has been hypothesised that calcification of the arteries supplying the gastric tube, a surrogate marker for atherosclerosis, may contribute to tissue ischaemia and hence be linked to AL and CN.
Several studies have reported a link between vascular calcification on pre-operative computed tomography (CT) scan and subsequent AL [7] [8] [9] [10] [11] [12] . Vascular calcification burden has been shown to be strongly correlated with atherosclerotic burden. CT is the gold standard for the measurement of arterial calcification [13] . However, previous studies have been inconsistent in their findings, and there is heterogeneity between study populations. This single centre retrospective cohort study aims to evaluate the relationship between the extent and location of calcification, as measured on the pre-operative CT scan, and subsequent AL and CN following oesophagectomy with oesophagogastric anastomosis for oesophageal cancer.
MATERIALS AND METHODS

Population
Our institution provides centralised resectional oesophageal cancer services for several hospitals in the West Midlands. The Upper gastrointestinal surgery team maintains a "Tracker" database, which records details of patient demographics, diagnosis, oncological staging, chemotherapy, surgical management, intraoperative details, post-operative outcomes and complications, survival and oncological recurrence. Data are input prospectively by consultant members of the Upper GI Team.
The study inclusion criteria were consecutive patients who had undergone oesophagectomy with oesophagogastric anastomosis for malignancy. Patients were excluded if no pre-operative CT scan was available, or they had insufficient follow up to determine whether outcomes had occurred (i.e., those not discharged before 15 th January 2018). Oesophagectomies for benign disease or open and close procedures due to irressectable or metastatic disease were also excluded.
Definition of outcomes
The Esophagectomy Complications Consensus Group (ECCG) consensus definitions of AL and CN were used [1] . These defined AL as a full thickness gastrointestinal surgery defect involving the oesophagus, anastomosis, staple line, or conduit irrespective of presentation or method of identification, and further classified AL as follows: Type I: Local defect requiring no change in therapy or treated medically or with dietary modification; Type II: Localized defect requiring interventional but not surgical therapy, for example, interventional radiology drain, stent or bedside opening, and packing of incision; Type III: Localized defect requiring surgical therapy.
CN was defined as ischaemia or necrosis of the gastric conduit and was classified as follows: Type I: CN focal identified endoscopically. Treatment with additional monitoring or non-surgical therapy; Type II: CN focal identified endoscopically and not associated with free anastomotic or conduit leak. Treatment with surgical therapy not involving oesophageal diversion; Type III: CN extensive. Treatment with conduit resection with diversion.
Image acquisition
Images from pre-operative CT scans of the thorax, abdomen and pelvis were analysed. CT protocols for the referring hospital were broadly similar and were typically enhanced with an iodinated contrast material administered intravenously. Chest and abdominal images were typically acquired in the arterial phase and portal venous phase, respectively. If multiple pre-operative CT scans were available, the scan closest to the date of surgery was used for analysis.
Image evaluation
Two reviewers (BJ and EE) independently evaluated all scans, and disagreements were resolved by consensus. A consultant radiologist acted as an arbitrator in the event that consensus was not reached. Reviewers were blinded to patient demographics, operative characteristics and outcomes whilst analysing the images. Inter-observer consistency was calculated between two reviewers.
The extent of calcification was reported using a visual grading system based on that used by van Rossum et al [7] . It uses simple definitions and can be used in standard CT diagnostic protocols. This is contrasted to other calcium scoring techniques requiring use of special-semi automatic calcium scoring software that are more difficult to integrate into routine practice [14] . The grading system classifies scans as showing no calcification, scoring 0 points, minor calcification (1 point) or major calcification (2 points) . Further details of the definitions used are reported in Table 1 . Calcification scores were produced for six different vessels, detailed below.
As the right gastro-epiploic artery is the principal blood supply to the gastric tube and is supplied from the thoracic aorta via the coeliac axis, common hepatic artery and gastroduodenal artery, all of these vessels were included [15] . Although the left gastro-epiploic artery is routinely ligated during oesophagectomy, calcifications of the splenic artery, which supplies it, were still included to allow comparisons with previous studies. Branches of the coeliac axis were grouped together as the right and left post-coeliac arteries. As there is evidence to suggest that calcification in the abdominal aorta is a general marker of arteriopathy and may be a surrogate marker for coronary artery disease [16] , it was decided to include a measurement of calcification in the aorta distal to the origin of the coeliac axis, to determine whether this may also be an independent predictor of AL or CN. When the aorta was so heavily calcified that it was difficult to distinguish distinct calcification foci; a score of 2 was allocated.
As this introduced a qualitative element to the evaluation of the distal aorta, an additional quantitative measure of calcification in the aorta was also considered for comparison. The percentage of the circumference of the aorta that was calcified was measured one axial CT slice superior to the aortic bifurcation. This method has been previously used for measurement of distal aortic calcification in patients with abdominal aortic aneurysms, and was chosen for simplicity as it also used a 0-2 scoring system [17] . This is referred to as the "bifurcation" score.
The Right and Left Post-Coeliac Arteries were scored using a binary 0-1 scale, as calcifications in these smaller vessels were expected to occur relatively infrequently, thus artificially scoring more than two categories may result in imprecise estimates describing random error rather than true associations.
Surgical technique
Oesophagectomies were classified into three operative types. Open surgeries were defined as 2 or 3 
Statistical analysis
Statistical review was performed by a biomedical statistician. Initially, the inter-rater reliability of the calcification scores were assessed using quadratic weighted Kappa statistics. Analyses were then performed to identify any demographic factors that were associated with AL or CN. Continuous factors that were normally distributed were reported as mean ± SD, and compared between patients with and without the complication using independent samples t-tests. Continuous factors where the distribution was non-normal were reported as medians and interquartile ranges and compared between groups using non-parametric Mann-Whitney tests. Ordinal factors [e.g., American Society of Anaesthesiologists grade (ASA) and T-stage] were also compared between groups using Mann-Whitney tests, whilst nominal factors (e.g., gender and tumour type) were analysed using Fisher's exact tests.
The predictive accuracy of the calcification scores, with respect to AL and CN, were then assessed using ROC curves. Multivariable binary logistic regression models were then produced, in order to test whether the predictive accuracy could be improved by combining the scores together. These models used a backwards stepwise approach to variable selection, starting with all of the scores in the same model, and iteratively excluding the least predictive scores until those that were significant independent predictors of outcome remained.
Within the subgroup of patients where an outcome occurred, Spearman's correlation coefficients between the grade of the complication and the calcification scores were calculated, to assess whether there was a tendency for patients with higher score to have more severe complications [18] .
Missing data were excluded from the analysis using a pairwise approach. More specifically, where a patient had missing data for one of the factors considered, they would be excluded from the analysis of that factor, but included in the analyses of the other factors for which data were available. A P-value < 0.05 was classed as statistically significant. All analyses were performed using IBM SPSS 22 (IBM Corp. Armonk, NY, United States). Our work has been reported in line with the STROCSS criteria [19] .
RESULTS
Patient demographics
Following the exclusions shown in Figure 1 , n = 413 patients were included in the final dataset. These patients had a mean age of 64.8 ± 9.5 years at the time of surgery, and the majority (78.9%) were male. More details on the demographics and comorbidities of the cohort are reported in Table 2, whilst Table 3 details disease and treatment related factors.
Data relating to complications were unavailable in n = 2 patients, hence these were excluded from the analyses of outcomes. Of the remaining n = 411, a total of 65 patients (15.8%) developed AL in the post-operative period, consisting of n = 15, n = 16 and n = 34 of grades 1, 2 and 3, respectively. CN occurred in 14 patients (3.4%), with n = 1, n = 5 and n = 8 at grades 1, 2 and 3, respectively. Of those with CN, 10/14 (71%) had an associated AL. Mortality attributed to AL was 6% (4/65) and mortality attributed to CN was 21% (3/14) .
Analyses were performed to assess whether any of the factors in Tables 2 or 3 were associated with either of the complication outcomes ( Supplementary Tables 1A and B and 2A and B). This found rates of AL to be significantly higher in female patients, at 23.0%, compared to 13.9% in males (P = 0.047). No other demographic or treatment related factors were found to be significantly associated with AL, including operative approach (2 vs 3 stage, 16.4% vs 9.1%, P = 0.330) or neoadjuvant chemotherapy (15.7% vs 16.2%, P = 1.000).
CN was significantly more common in females, (8.0% vs 2.2%, P = 0.014) patients with diabetes (10.6% vs 2.5%, P = 0.014), a history of smoking (10.3% vs 2.3%, P = 0.008), and a higher ASA grade (P = 0.024). There was no significant association with any other demographic or treatment related factor; however, it was noted that patients with CN had significantly fewer involved lymph nodes (median: 0 vs 1, P = 0.034).
Calcification scoring
Analysis of inter-rater reliability found that the two reviewers gave highly consistent calcification scores, with absolute agreement ranging from 95.6% to 99.0% and quadratic weighted Kappa statistics from 0.841 to 0.968 across the six vessels being analysed (Supplementary Table 3 ). The distribution of the cohort across the final scores is reported in Table 4 . The Distal and Bifurcation scores were only recorded in n = 380 cases (92% of the cohort), as the CT scan did not show the full length of the aorta in the remainder. The same was true for n = 1 in the Proximal score. 
Predictive accuracy of calcification scores
As previously stated, data relating to complications were unavailable in n = 2 patients, hence this analysis was based on the remaining n = 411. None of the calcification scores were found to be significantly associated with either AL or CN ( Table 4 ). The analysis was repeated for composite outcomes of those patients with either AL OR CN (n = 69, 16.7%) and for those with both AL AND CN (n = 10, 2.4%) and, again, no significant associations were detected (Table 5 ). Multivariable analyses were then performed to identify whether a combination of the calcification scores could be identified that would be significantly predictive of any of the outcomes. However, the stepwise approach did not select any factors for inclusion in the final models.
Within the subset of patients where the outcomes occurred, correlations between the calcification scores and complication grades were then assessed ( Supplementary  Table 4 ). However, no significant correlations between were detected between any of the calcification scores and the complication grades, as defined by the ECCG severity grade.
DISCUSSION
An effective method of predicting patients at high risk of AL would be clinically useful in the management of the oesophageal cancer patients, as it would facilitate better pre-operative risk counselling, closer monitoring of high risk patients and perhaps allow more timely intervention should AL occur. Our study found no statistically significant associations between scoring of calcifications of the abdominal arteries and either AL or CN. In addition, for the subgroup of patients with AL or CN, the grade of this complication was not found to be significantly correlated with any of the calcification scores. Our findings are inconsistent with previous studies on the topic (Table 6 ). Whilst a small number of studies have found calcification to be associated with AL, the specific arteries implicated have varied between studies. Existing studies have been relatively heterogeneous in terms of operative techniques, ethnicity and other factors, which may account for the variability in results. Additionally, differences in clinical practice, such as different thresholds for investigation of leaks (such as by routine contrast swallow examination) may affect the detection rate of low grade or sub-clinical leaks, and hence be a source of heterogeneity. AL rates differed between studies, probably due to variation in a range of factors, such as cervical location of anastomosis, use of pre-operation chemoradiotherapy, and minimally invasive anastomotic techniques, which have previously been shown to be associated with increased leak rates, despite this not being the case in our cohort [2, 3] .
In our institution, contrast studies were only performed on suspicion of AL, as per Data are reported as n (%), mean ± SD, or as median (IQR), as applicable. Mandard Score is a measure of tumour regression due to chemotherapy, with a score of 1 being complete regression, and 5 being no regression. MIO: Minimally invasive oesophagectomies.
previous evidence suggesting that routine testing does not improve outcome, can lead to false positive results and risks aspiration pneumonia [20, 21] . Additionally, our institution previously had an aggressive policy to re-operate on AL, which probably explains the high rate of Grade 3 leaks. Since 2012, we have favoured endoscopic methods to treat AL, which is in keeping with the current literature [22, 23] . The exceptions are if the patient has a severe and life threatening leak or CN, or if endoscopic methods fail. Although our AL rate is within previously published ranges, it is higher than the 10% audit standard set by the Association of Upper Gastrointestinal Surgeons United Kingdom [24] . This reflects the prospective nature of our complication data and the length of the data collection period, incorporating learning curves for minimal access esophagectomy [25, 26] and the increase in leaks due to VEGF inhibitors used in patients during the ST03 trial which our centre recruited to [27] .
Studies examining vascular calcification in colorectal anastomotic leakage have produced similarly variable results, which found no association between calcification and AL [28] [29] [30] [31] . This is the first study to have evaluated the relationship between vascular calcification and CN in this way. Given the potentially devastating consequences for patients, research into methods of reducing morbidity from CN is highly important. One of the difficulties in investigating CN is that it remains relatively uncommon, meaning that statistical power of analyses is low. This was the case in our study, therefore although we found no statistically significant relationship between calcification and CN, this could be the result of a Type II error.
It is possible that the reason that our study found no association with AL is that examination of vascular abnormalities such as calcification is only a surrogate marker for atherosclerosis, which does not necessarily affect the actual perfusion of the gastric conduit. More complex methods of assessment of gastric conduit perfusion are available but, in general, are not readily available in clinical practice [32] . The use of Indocyanine Green to assess perfusion is a promising development to aid in a more objective assessment intra-operatively, usually after formation of the gastric conduit [33] . Our results suggest that it is micro-perfusion of the gastric conduit that may be more important in anastomotic leakage that the calcification of the main abdomino-thoracic blood vessels. As such a larger, multicentre, prospective study assessing both these variables by pre-operative CT assessment of calcification of the large vessels together with intra-operative micro-perfusion of the gastric conduit by indo-cyanine green perfusion is indicated to definitively answer this important question. Another possible reason for our negative findings is that other factors could be at play, such as anastomotic tension, surgical technique and other patient factors [34] . A range of risk factors for AL have been identified [2, 3, 34] . To our knowledge, female gender has not previously been reported as a risk factor. Evidence relating to risk factors for CN is more sparse, although co-morbid conditions and coeliac artery stenosis have been previously implicated [35, 36] . Our findings that female gender, diabetes, smoking and higher ASA grade are risk factors in our population will help us consent these patients more carefully and monitor them closely after surgery.
This study has some limitations, such as the inability to obtain all CT scans and the fact this was largely a retrospective study. However, we did utilise an accurate and prospectively maintained database with high quality outcome data.
To overcome the issues of small numbers of patients affected, further research in this area should be performed using large multi-centre datasets. Some multi-centre studies are assessing complications after oesophageal surgery, for example, Esodata (www.esodata.org) [37] and the Oesophagogastric Anastomosis Audit (OGAA; www.ogaa.org.uk) which aims to collect data of anastomotic complications after oesophagectomy, including CN, from a large group of international oesophageal units, to define the accurate incidence and outcome of this problem [38] .
It is only with prospective, standardised data from these multi-centre registries that we can help address the void of high quality literature on this important topic.
In conclusion, Calcification scoring scored on pre-operative CT scans was not found to be significantly associated with AL or CN following oesophagectomy in our United Kingdom cohort and therefore cannot be used to identify or predict patients who are high risk for these complications. 
ARTICLE HIGHLIGHTS
Research background
Anastomotic leaks (AL) are a serious complication following oesophagectomy, resulting in a reduction in both quality and quantity of life. When severe, AL can lead to conduit necrosis (CN) and complete breakdown of the anastomosis, resulting in pneumonia, sepsis and very poor patient outcomes. The formation and continued integrity of the anastomosis and gastric conduit is reliant on adequate perfusion of the gastric tube by the gastro-epiploic arcades.
Research motivation
One of the factors with the ability to affect perfusion at the anastomosis is calcification of the arteries supplying the gastric conduit and remnant oesophagus. Recent evidence has inconsistently linked calcification of these arteries with AL and CN. Arterial calcification, which can be routinely measured on pre-operative computed tomography (CT) scan, could, therefore, become an important aid in both patient selection and anastomotic risk assessment.
Research objectives
The objectives of this study were therefore to evaluate whether an association exists between calcification of arteries supplying the gastric conduit, namely the proximal aorta, distal aorta, coeliac trunk and branches of the coeliac trunk, and AL.
Research methods
Utilising routine pre-operative CT thorax, abdomen and pelvis scans, two blinded reviewers independently score vessel calcification according to the visual grading system proposed by van Rossum et al. Our prospectively maintained departmental database of patients undergoing oesophagectomy between 2006 and 2017 was examined to identify patients experiencing postoperative AL or CN. Inter-rater reliability of scoring of vessel calcification was statistically assessed using quadratic weighted kappa analyses. Univariable analyses was then performed to identify demographic and operative factors associated with AL. Subsequently, multivariable binary logistic regression models were produced to optimise the accuracy of AL prediction by artery calcification.
Research results
Of 411 patients with available data, 65 (15.8%) developed a AL post-operatively. Additionally, 4 patients had a CN not associated with AL. Rates of AL were higher in female patients (P = 0.047) and rates of CN were higher in female patients (P = 0.014), diabetic patients (P = 0.014), positive smoking history (P = 0.008) and higher ASA grade (P = 0.024). Inter-rater reliability scoring found excellent agreement between the two reviewers (absolute agreement 95.6%-99%). None of the calcification scores were associated with AL or CN on univariable or composite score analysis. Additionally, increasing calcification score was not associated with increasing severity of complications as defined by Esophagectomy Complications Consensus Group criteria.
calcification of the main abdomino-thoracic blood vessels. As such a larger, multicentre, prospective study assessing both these variables by pre-operative CT assessment of calcification of the large vessels together with intra-operative micro-perfusion of the gastric conduit by indocyanine green perfusion may well be the best method to definitively answer this research question.
